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Abstract

:

Myofascial temporomandibular disorders (TMD) are the most common cause of chronic pain in the orofacial region. Microdialysis has been used to study metabolic changes in the human masseter muscle. The insertion of the microdialysis probe causes acute tissue trauma that could affect the metabolic milieu and thereby influence the results when comparing healthy subjects to those with TMD. This study aimed to investigate the levels of serotonin and glutamate during the acute tissue trauma period in healthy subjects and in patients with TMD. Microdialysis was carried out in 15 patients with TMD and 15 controls, and samples were collected every 20 min during a period of 140 min. No significant alterations of serotonin or glutamate were observed over the 2 h period for the healthy subjects. For the TMD group, a significant decrease in serotonin was observed over time (p < 0.001), followed by a significant increase between 120 and 140 min (p < 0.001). For glutamate, a significant reduction was observed at 40 min compared to baseline. The results showed that there was a spontaneous increase of serotonin 2 h after the insertion of the catheter in patients with TMD. In conclusion, the results showed that there are differences in the masseter muscle levels of serotonin and glutamate during acute nociception in patients with myofascial TMD compared to healthy subjects.
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1. Introduction


Myofascial temporomandibular disorders (TMD) are the most frequent cause of chronic pain in the orofacial region. TMD has a prevalence rate of 10%, and like many other chronic pain conditions, is most common in women [1,2,3]. Patients with TMD typically report muscle pain, soreness, and increased pain during jaw function (e.g., chewing and jaw opening), as well as headaches and psychological distress, such as anxiety, depression, and stress [4,5]. In common with most chronic pain conditions, the pathophysiological mechanism behind TMD is not fully understood. It has been suggested that muscle hyperactivity related to tooth clenching and grinding may cause mechanical overloading, accompanied by disturbed local blood flow resulting in local ischemia and the peripheral release of inflammatory and neuroactive substances, which cause pain [6,7].



Serotonin (5-HT) and glutamate are neurotransmitters thought to be involved in chronic pain [8], and higher concentrations of both have been found in the masseter muscle in patients with myofascial TMD compared to healthy individuals [9,10,11]. Thus, an injection of 5-HT and glutamate can induce pain in healthy individuals and increase pain intensity in patients with myofascial pain. Furthermore, a correlation between pain intensity and an increase of algesic substances has been reported. The peripheral release of 5-HT and glutamate has been investigated by microdialysis in several chronic pain conditions, including TMD [12]. Microdialysis is a well-established technique that allows the sampling of neurotransmitters and algesic substances, as well as the monitoring of time-dependent changes in specific tissue [9,10,13]. It consists of a thin, semi-permeable catheter that mimics a blood vessel, which is inserted in the tissue. The catheter is infused with a perfusate by a mechanical pump and by diffusion down a concentration gradient, which collects the substances that pass through the catheter. The insertion of a probe into the muscle can induce trauma locally in the tissue. The trauma from the needle causes inflammation and other intramuscular alterations, leading to a cascade of intramuscular events, which means that a stabilization phase is needed. To minimize the risk of bias when performing microdialysis experiments, it is important to include a stabilization period, allowing the tissue to recover from possible alteration in the interstitial surroundings [14,15,16,17,18]. Previous microdialysis studies that have applied a stabilization period show that the time spans given vary from 20 to 150 min [19,20,21,22]. The most common stabilization period for a full recovery of the tissue after the puncture trauma (i.e., trauma phase) is 120 min [13,23,24]. However, it may be that the length of the recovery phase after the puncture trauma varies between healthy individuals and individuals with TMD. The aim of this present study is to investigate the necessary stabilization period for microdialysis of serotonin and glutamate in the masseter muscle in healthy subjects and in patients with myofascial TMD. Our hypothesis is that there is a difference between healthy subjects and patients with myofascial TMD regarding the stabilization of 5-HT and glutamate after the trauma phase.




2. Materials and Methods


2.1. Subjects


Fifteen patients, 11 females and 4 males (mean age 32 years, standard deviation (SD) 10 years), were recruited from consecutive patients referred to the Department of Orofacial Pain and Jaw Function at Malmö University (Malmö, Sweden), and compared to 15 healthy age and gender-matched subjects. Prior to participating in the study, all subjects were examined using the Research Diagnostic Criteria for Temporomandibular Disorders (RDC/TMD) [5]. The inclusion criteria for the patients was a diagnosis of myofascial TMD with at least a 6-month duration (mean duration 59 ± 60 months) using RDC/TMD criteria, with at least moderate pain upon palpation. The inclusion criteria for the healthy subjects was no orofacial pain and the absence of a RDC/TMD diagnosis. The exclusion criteria for both groups were (1) systemic inflammatory connective tissue diseases (e.g., rheumatoid arthritis), (2) chronic widespread muscle pain conditions (e.g., fibromyalgia), (3) neuropathic pain or neurological disorders (e.g., oromandibular dystonia), (4) whiplash-associated disorders, (5) severe skeletal malocclusions, (6) pregnancy or lactation, (7) high blood pressure, (8) anti-coagulants, (9) allergy to antibiotics, (10) prilocaine or lidocaine, (11) the use of analgesics 1 week before the experiment (e.g., paracetamol, NSAIDs, salicylate drugs, and opioids) or (12) other medication that would influence pain perception (e.g., anti-depressants or anti-epileptic drugs), (13) pain of dental origin, (14) extensive restorations (e.g., full bridges, dentures), and (15) ongoing dental treatment. Before enrollment in the study, the patients’ medical history was obtained to assess exclusion criteria, and a questionnaire was completed that explained the duration and intensity of pain assessed on the Numerical Rating Scale.



This study was performed according to the Declaration of Helsinki guidelines and was approved by the Regional Ethics Review Board at Lund University (100119/ Dnr 2009/264). All subjects were given both written and verbal information about the study, and they signed a consent form that was in accordance with the Declaration of Helsinki. All participants received financial compensation after completion of their participation.




2.2. Study Design


This experimental study consisted of one session lasting 4 h. Intramuscular microdialysis was conducted in the right masseter muscle to sample interstitial 5-HT and glutamate. A 120 min stabilization period was studied to allow the tissue to recover from possible changes in the interstitial environment due to trauma from probe insertion (Figure 1). The patients were examined in the order in which they signed up for the trial. Subjects sat upright in a dental chair with a head support throughout the experiment and were instructed to relax their masticatory muscles. The masseter muscle was used both due to its clinical importance and its accessibility for the invasive investigations using microdialysis technique. All patients had self-reported pain in the masseter muscle, as well as increased pain on palpation.




2.3. Microdialysis


Intramuscular microdialysis was performed to sample masseter 5-HT and glutamate. By palpating the muscle, the most prominent part of the masseter muscle was identified followed by topical anesthetization (EMLA® 20 mg/g; AstraZeneca AB, Södertälje, Sweden) of the skin for 20 min. The EMLA® patch was removed afterwards, and the surface of the skin was cleaned. Thereafter, with a 45° angle to the skin, a standard catheter (Ø 1.3 × 32 mm, BD Venflon Pro; Becton Dickinson Infusion Therapy AB, Helsingborg, Sweden) was directly inserted into the pre-determined region of the masseter muscle at a depth of 20 mm (Figure 2). The needle was later removed, and the catheter was withdrawn, leaving only 10 mm of plastic within the masseter muscle [25]. A sterile microdialysis probe (Ø 0.5 mm; membrane length 10 mm; shaft length 20 mm; molecular cut-off: 6 kDa, MAB11.20.10; Microbiotech/se AB, Årsta, Stockholm, Sweden) was inserted into the masseter muscle via the catheter to an extent of 20 mm measured from the skin surface, making sure that the complete membrane protruded beyond the plastic into the muscle. The probe was then connected to a microdialysis pump (MAB40, Microdialysis Pump Dual Chanel; Microbiotech/se AB). The perfusion rate of the microdialysis probe was at a rate of 5 µL/min, with a Ringer-acetate solution (Baxter Viaflo, Baxter Medical AB, Kista, Sweden) consisting of 3 mM glucose (glucose 50 mg, B. Braun Melsungen AG, Melsungen, Germany) and 0.5 mM Ringer-lactate (Baxter Viaflo, Baxter Medical AB), which prevented the interstitial space from depleting. Three µM [14C]-lactate (specific activity: 7.4 MBq/mL; PerkinElmer Life Sciences, Boston, MA, USA) was added to the Ringer-acetate solution to determine in vivo relative recovery (RR), allowing the determination of the interstitial concentrations of the inflammatory mediators, 5-HT and glutamate [18,26,27]. Intramuscular fluids were sampled every 20 min for a period of 180 min. The samples collected during the stabilization period, between 0 min–140 min, were later analyzed.




2.4. Analyses of Algesics Substances and Metabolites


To calculate the concentration of interstitial glutamate and 5-HT, the dialysate and perfusate (5 µL) was pipetted into a counting vial consisting of 3 mL scintillation fluid (High-flash Point, Universal LSC-Cocktail, ULTIMA GOLD™, PerkinElmer, Inc, Boston, MA, USA). The mixture was then vortexed, and β-counting was done in a liquid scintillation counter (Beckman LS 6000TA; Beckman Instruments, Inc., Fullerton, CA, USA). Relative recovery (RR) is a description of the ratio between the concentration of interstitial metabolites and the concentration of the dialysates. For the algesic substances, the levels of interstitial concentration (Ci) were calculated with the following: Ci = (Cd − Cp)/RR + Cp [17,28].



Data collected from the first 140 min was analyzed. Concentrations of glutamate were analyzed with an ISCUS Clinical Microdialysis Analyzer (Dipylon Medical AB, Solna, Sweden). The limit of detection (LOD) for glutamate was 1.0 µmol/L. Half of the LOD was used for samples that were below the limit of detection. The concentration of 5-HT was analyzed with high-pressure liquid chromatography in combination with electrochemical detection [16]. The LOD for 5-HT was 20 fmol/10 µL.




2.5. Statistics


The data was analyzed with a GraphPad Prism version 7.0 for Mac, GraphPad Software, La Jolla, CA, USA, www.graphpad.com (Prism). Given that the data was not normally distributed, non-parametric statistics were used to perform the analysis. The Friedman test was used to test the within-group variation in substances over time for each side separately (for glutamate and 5-HT). If significant changes were indicated, a Wilcoxon signed-rank test with Bonferroni correction was used as the post-hoc test to test for significant changes between the various time points. Differences between the TMD and control groups were tested with the Mann–Whitney U test. In Prism, Dunn’s test was performed for multiple comparison of the substances over time. All statistical analyses were performed two-tailed at a significance level of 5% (p-value below 0.05 was considered significant).





3. Results


3.1. Serotonin


Serotonin could be detected in microdialysate samples from all time points in patients with TMD and healthy subjects (Table 1). No significant changes of muscle 5-HT were observed over time for the controls (Friedman test: p > 0.05, Dunn’s multiple comparisons test p > 0.05) (Figure 2). For TMD patients, a significant decrease of muscle 5-HT was observed in time point (T) 40–60 compared to T20–40 (Wilcoxon matched-pairs signed-rank test: p < 0.05) but not compared to the trauma phase (T0–20). In general, a significant decrease of muscle 5-HT was observed for the TMD patients over time (Wilcoxon matched-pairs signed-rank test: p < 0.001). However, a significant increase between T100–120 and T120–140 for the same group (Wilcoxon matched-pairs signed-rank test: p < 0.001) was observed (Figure 3). Compared to the control group, the TMD group had significantly higher levels of 5-HT at T0–20 (p = 0.012) and T120–140 (p = 0.002), and lower levels at T100–120 (p = 0.001).




3.2. Glutamate


The concentration of glutamate was measured at all time points in patients with TMD and healthy subjects. The levels are expressed as mean (SD) in Table 1. No significant glutamate alterations were observed over time for the controls (Friedman test: p > 0.05, Dunn’s multiple comparisons test p > 0.05) (Figure 4). For the TMD patients, there was a tendency for a reduction observed at T20–40, but the difference was not significant until T40–60, with a reduction of glutamate compared with the trauma phase T0–20 (Wilcoxon matched-pairs signed-rank test: p < 0.05). This was followed by a stabilization of glutamate, with no further significant changes over time (Figure 5). Compared to the control group, the TMD group had significantly higher levels of glutamate at T0–20 (p = 0.002).





4. Discussion


The main finding of this study is that the myalgic muscle responds differently to acute nociception caused by the insertion of a microdialysis probe, compared to healthy muscle. Surprisingly, the results also indicate that, for TMD patients, a stabilization time of 120 min is not sufficient with regard to 5-HT. Our results suggest that, for healthy individuals, a 20 min stabilization period is sufficient for normalization of both 5-HT and glutamate. However, in patients with myofascial TMD, the normalization of interstitial glutamate after 40 min indicates the need for a longer stabilization period. Furthermore, for 5-HT levels, there was a significant reduction after 100 min, followed by a significant increase after 120 min.



Previous microdialysis studies in TMD patients have reported a significantly higher muscle 5-HT level compared to healthy individuals [14,28], but whether this difference is due to different reaction patterns to the tissue trauma caused by microdialysis probe is not known. Therefore, it was of interest to study the release of 5-HT and glutamate during the commonly proposed trauma period of 0–120 min for metabolites. To the best of our knowledge, there are no studies that have been performed to provide methodological guidance regarding the stabilization time for 5-HT.



Studies have demonstrated that after the insertion of a probe, there is an increase in interstitial 5-HT levels during the trauma phase [11,13,23,24]. Bradykinin is released due to tissue trauma, which can, indirectly, through the B2-receptor, increase the muscle nociceptor’s sensitivity for 5-HT [29]. In response to tissue damage, axon reflexes are evoked that lead to a peripheral release of neuropeptides, such as calcitonin-gene-related peptide and substance P. The neuropeptides facilitate the release of interleukins and cytokines that provoke a release of platelet-activating factors through the degranulation of mast-cells. 5-HT is released due to a platelet-activating factor-induced degranulation of platelets [30].



In order to minimize any risk this effect biasing results, a 2 h stabilization period was suggested. However, the present results show that this is not a sufficient stabilization period, due to the significant increase in interstitial 5-HT levels after 120 min in patients with local myalgia. This spontaneous increase of intramuscular 5-HT might be a side effect of the local anesthesia used before the microdialysis probe implantation. When applying topical anesthesia, the nerve conduction is reversibly blocked near the site of administration, which targets free nerve endings on the dermis leading to a temporary loss of sensation on the applied area. When applying the EMLA-patch for 1 h, it is thought to have an analgesic function for up to 2 h after the removal of the patch. During this study, the topical anesthesia was applied for 20 min, leading to an analgesic effect of approximately 80 min [31]. It is possible that the spontaneous release of intramuscular 5-HT after 2 h occurred due to the decrease of the analgesic effect, leading to a normalization of the depolarization and excitability threshold, which allows nerve endings to generate action potential, thus leading to a sensation of pain and the release of algesic substances. This could be a source of error and a reason for the sudden increase of interstitial 5-HT in the TMD group, but it does not explain why there was not an increase in the control group. However, this could be explained by the earlier suggestion that TMD patients have a significantly higher muscle 5-HT level [28].



The application of the topical anesthesia causes a local vasoconstriction of the superficial arteries, leading to a smaller amount of blood flow and, as a result, a smaller amount of algesic substances are indirectly transported to the affected area [31]. This also means that the intramuscular events following the trauma would take a longer time period to normalize, as a vasoconstriction leads to a slower reduction of waste accumulation. However, in the present study, the insertion of the microdialysis probe was approximately 10 mm deep, and the topical anesthesia does not penetrate the dermis enough to constrict the arteries located at the depth of the inserted probe.



In patients with TMD, it has been suggested that the thrombocyte serotonin transporter-molecules (SERT molecules) have a reduced function. It is possible that both the healthy control group and the TMD patients have approximately the same amount of 5-HT released after trauma, but the SERT molecules are defected in the TMD group, thus causing a disturbance and preventing the reuptake of 5-HT. The results show that the 5-HT levels remained stable throughout the stabilization period for the healthy control group, whereas in TMD patients the levels fluctuated throughout the same time period. The limitation of this study is that we were not able to show when the fluctuation of the 5-HT levels in TMD patients returned to baseline. Further research is needed to investigate the stabilization period for 5-HT after microdialysis catheter insertion. In patients with myofascial TMD, it has been claimed that there is also reduced blood circulation locally [2,32], leading to the inhibition of the reuptake of the algesic substances, which further strengthens the theory that myofascial TMD patients have higher 5-HT levels. The higher levels of 5-HT may indicate that TMD is caused by inflammatory mediators, as it has been reported that 5-HT induces temporomandibular joint nociception by the local release of sympathetic amines and prostaglandins [33].



In summary, it is well known that 5-HT is correlated to pain, but the mechanisms behind it are still unknown, and more research is warranted to further elucidate these mechanisms and the role of muscle 5-HT in the pathophysiology of TMD.



In conclusion, the results show that the insertion of a microdialysis catheter in chronic myalgic muscle causes tissue trauma which influences the results of a microdialysis study. To our knowledge, this is the first study to investigate the differences in the masseter muscle levels of 5-HT and glutamate during the insertion trauma in TMD patients and healthy subjects. This study shows that patients with myofascial TMD and healthy subjects respond differently to an acute nociception caused by microdialysis probe. Analyzing glutamate and 5-HT during tissue trauma may be a useful model to investigate the peripheral molecular mechanisms in myofascial TMD.







Author Contributions


All authors discussed the results, commented on the manuscript, and approved the final version of the manuscript. Conceptualization, E.B., B.H.-H., A.D., and B.G. (Bijar Ghafouri); methodology, E.B., A.D., and B.G. (Bijar Ghafouri); formal analysis, E.B., B.H.-H., A.D., and B.G. (Bijar Ghafouri); investigation, E.B., B.H.-H., A.D., and B.G. (Bijar Ghafouri); data curation, E.B., B.H.-H., A.D., B.G. (Björn Gerdle), and B.G. (Bijar Ghafouri); writing—original draft preparation, E.B. and B.G. (Bijar Ghafouri); writing—review and editing, E.B., B.H.-H., A.D., B.G. (Björn Gerdle), and B.G. (Bijar Ghafouri); project administration, B.H. and A.D.; funding acquisition, B.G. (Björn Gerdle) and B.G. (Bijar Ghafouri).




Funding


This study was supported by the Swedish Research Council (K2015-99X-21874-05-04), AFA Insurance (Dnr-140341), forsknings-ALF of County council of Östergötland (LIO-608021 and LIO-700931) and Åke Wiberg foundation.




Acknowledgments


The authors would like to express their thanks to all healthy controls and patients with TMD who participated in this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



LeResche, L. Epidemiology of temporomandibular disorders: Implications for the investigation of etiologic factors. Crit. Rev. Oral Biol. Med. 1997, 8, 291–305. [Google Scholar] [CrossRef] [PubMed]

	



Breivik, H.; Collett, B.; Ventafridda, V.; Cohen, R.; Gallacher, D. Survey of chronic pain in Europe: Prevalence, impact on daily life, and treatment. Eur J Pain 2006, 10, 287–333. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, M.K.; MacBarb, R.F.; Wong, M.E.; Athanasiou, K.A. Temporomandibular Joint Disorders: A Review of Etiology, Clinical Management, and Tissue Engineering Strategies. Int. J. Oral Maxillofac. Implant. 2013, 28, e393–e414. [Google Scholar] [CrossRef] [PubMed]

	



Dworkin, S.F.; Huggins, K.H.; LeResche, L.; Von Korff, M.; Howard, J.; Truelove, E.; Sommers, E. Epidemiology of signs and symptoms in temporomandibular disorders: Clinical signs in cases and controls. J. Am. Dent. Assoc. 1990, 120, 273–281. [Google Scholar] [CrossRef]

	



Dworkin, S.F.; Le Resche, L. Research diagnostic criteria for temporomandibular disorders: Review, criteria, examinations and specifications, critique. J. Craniomandib. Disord. 1992, 6, 301–355. [Google Scholar]

	



Svensson, P.; Graven-Nielsen, T. Craniofacial muscle pain: Review of mechanisms and clinical manifestations. J. Orofac. Pain 2001, 15, 117–145. [Google Scholar]

	



Svensson, P.; Jadidi, F.; Arima, T.; Baad-Hansen, L.; Sessle, B.J. Relationships between craniofacial pain and bruxism. J. Oral Rehabil. 2008, 35, 524–547. [Google Scholar] [CrossRef]

	



Sessle, B.J. Peripheral and central mechanisms of orofacial pain and their clinical correlates. Minerva Anestesiol. 2005, 71, 117–136. [Google Scholar]

	



Dawson, A. Experimental tooth clenching. A model for studying mechanisms of muscle pain. Swed. Dent. J. Suppl. 2013, 228, 9–94. [Google Scholar]

	



Dawson, A.; Ghafouri, B.; Gerdle, B.; List, T.; Svensson, P.; Ernberg, M. Effects of experimental tooth clenching on pain and intramuscular release of 5-HT and glutamate in patients with myofascial TMD. Clin. J. Pain 2015, 31, 740–749. [Google Scholar] [CrossRef]

	



Ernberg, M.; Lundeberg, T.; Kopp, S. Pain and allodynia/hyperalgesia induced by intramuscular injection of serotonin in patients with fibromyalgia and healthy individuals. Pain 2000, 85, 31–39. [Google Scholar] [CrossRef]

	



Kehr, J. Chapter 2.1 New methodological aspects of microdialysis. In Handbook of Behavioral Neuroscience; Westerink, B.H.C., Cremers, T.I.F.H., Eds.; Elsevier: Amsterdam, The Netherlands, 2006; pp. 111–129. [Google Scholar]

	



Dawson, A.; Ghafouri, B.; Gerdle, B.; List, T.; Svensson, P.; Ernberg, M. Pain and intramuscular release of algesic substances in the masseter muscle after experimental tooth-clenching exercises in healthy subjects. J. Orofac. Pain 2013, 27, 350–360. [Google Scholar] [CrossRef] [PubMed]

	



Ernberg, M.; Hedenberg-Magnusson, B.; Alstergren, P.; Kopp, S. The level of serotonin in the superficial masseter muscle in relation to local pain and allodynia. Life Sci. 1999, 65, 313–325. [Google Scholar] [CrossRef]

	



Gerdle, B.; Söderberg, K.; Salvador Puigvert, L.; Rosendal, L.; Larsson, B. Increased interstitial concentrations of pyruvate and lactate in the trapezius muscle of patients with fibromyalgia: A microdialysis study. J. Rehabil. Med. 2010, 42, 679–687. [Google Scholar] [CrossRef] [PubMed]

	



Ghafouri, B.; Larsson, B.K.; Sjörs, A.; Leandersson, P.; Gerdle, B.U. Interstitial concentration of serotonin is increased in myalgic human trapezius muscle during rest, repetitive work and mental stress—An in vivo microdialysis study. Scand. J. Clin. Lab. Investig. 2010, 70, 478–486. [Google Scholar] [CrossRef]

	



Rosendal, L.; Blangsted, A.K.; Kristiansen, J.; Søgaard, K.; Langberg, H.; Sjøgaard, G.; Kjaer, M. Interstitial muscle lactate, pyruvate and potassium dynamics in the trapezius muscle during repetitive low-force arm movements, measured with microdialysis. Acta Physiol. Scand. 2004, 182, 379–388. [Google Scholar] [CrossRef]

	



Rosendal, L.; Larsson, B.; Kristiansen, J.; Peolsson, M.; Søgaard, K.; Kjaer, M.; Sørensen, J.; Gerdle, B. Increase in muscle nociceptive substances and anaerobic metabolism in patients with trapezius myalgia: Microdialysis in rest and during exercise. Pain 2004, 112, 324–334. [Google Scholar] [CrossRef] [PubMed]

	



Peck, C.C.; Murray, G.M.; Gerzina, T.M. How does pain affect jaw muscle activity? The Integrated Pain Adaptation Model. Aust. Dent. J. 2008, 53, 201–207. [Google Scholar] [CrossRef][Green Version]

	



Lund, J.P.; Donga, R.; Widmer, C.G.; Stohler, C.S. The pain-adaptation model: A discussion of the relationship between chronic musculoskeletal pain and motor activity. Can. J. Physiol. Pharmacol. 1991, 69, 683–694. [Google Scholar] [CrossRef] [PubMed]

	



Sahara, Y.; Noro, N.; Iida, Y.; Soma, K.; Nakamura, Y. Glutamate receptor subunits GluR5 and KA-2 are coexpressed in rat trigeminal ganglion neurons. J. Neurosci. 1997, 17, 6611–6620. [Google Scholar] [CrossRef]

	



Sato, K.; Kiyama, H.; Park, H.T.; Tohyama, M. AMPA, KA and NMDA receptors are expressed in the rat DRG neurones. Neuroreport 1993, 4, 1263–1265. [Google Scholar] [CrossRef] [PubMed]

	



Louca, S.; Christidis, N.; Ghafouri, B.; Gerdle, B.; Svensson, P.; List, T.; Ernberg, M. Serotonin, glutamate and glycerol are released after the injection of hypertonic saline into human masseter muscles—A microdialysis study. J. Headache Pain 2014, 15, 89. [Google Scholar] [CrossRef] [PubMed]

	



Flodgren, G.M.; Crenshaw, A.G.; Alfredson, H.; Fahlström, M.; Hellström, F.B.; Bronemo, L.; Djupsjöbacka, M. Glutamate and prostaglandin E2 in the trapezius muscle of female subjects with chronic muscle pain and controls determined by microdialysis. Eur. J. Pain 2005, 9, 511. [Google Scholar] [CrossRef] [PubMed]

	



Ernberg, M.; Castrillon, E.E.; Ghafouri, B.; Larsson, B.; Gerdle, B.; List, T.; Svensson, P. Experimental myalgia induced by repeated infusion of acidic saline into the human masseter muscle does not cause the release of algesic substances. Eur. J. Pain 2013, 17, 539–550. [Google Scholar] [CrossRef]

	



Gerdle, B.; Lemming, D.; Kristiansen, J.; Larsson, B.; Peolsson, M.; Rosendal, L. Biochemical alterations in the trapezius muscle of patients with chronic whiplash associated disorders (WAD)—A microdialysis study. Eur. J. Pain 2008, 12, 82–93. [Google Scholar] [CrossRef]

	



Larsson, B.; Rosendal, L.; Kristiansen, J.; Sjøgaard, G.; Søgaard, K.; Ghafouri, B.; Abdiu, A.; Kjaer, M.; Gerdle, B. Responses of algesic and metabolic substances to 8 h of repetitive manual work in myalgic human trapezius muscle. Pain 2008, 140, 479–490. [Google Scholar] [CrossRef]

	



Cairns, B.E.; Svensson, P.; Wang, K.; Hupfeld, S.; Graven-Nielsen, T.; Sessle, B.J.; Berde, C.B.; Arendt-Nielsen, L. Activation of peripheral NMDA receptors contributes to human pain and rat afferent discharges evoked by injection of glutamate into the masseter muscle. J. Neurophysiol. 2003, 90, 2098–2105. [Google Scholar] [CrossRef]

	



Hu, W.P.; Li, X.M.; Wu, J.L.; Zheng, M.; Li, Z.W. Bradykinin potentiates 5-HT3 receptor-mediated current in rat trigeminal ganglion neurons. Acta Pharmacol. Sin. 2005, 26, 428–434. [Google Scholar] [CrossRef][Green Version]

	



Ernberg, M. Serotonergic receptor involvement in muscle pain and hyperalgesia. In Fundamentals of Musculoskeletal Pain; Graven-Nielsen, T., Arendt-Nielsen, L., Mense, S., Eds.; IASP Press: Seattle, WA, USA, 2008; pp. 139–155. [Google Scholar]

	



Kumar, M.; Chawla, R.; Goyal, M. Topical anesthesia. J. Anaesthesiol. Clin. Pharmacol. 2015, 31, 450–456. [Google Scholar] [CrossRef]

	



Monteiro, A.A.; Kopp, S. Estimation of blood flow by 133Xe clearance in human masseter muscle during rest, endurance of isometric contraction, and recovery. Arch. Oral Biol. 1988, 33, 561–565. [Google Scholar] [CrossRef]

	



Oliveira-Fusaro, M.C.G.; Clemente-Napimoga, J.T.; Teixeira, J.M.; Torres-Chávez, K.E.; Parada, C.A.; Tambeli, C.H. 5-HT induces temporomandibular joint nociception in rats through the local release of inflammatory mediators and activation of local β adrenoceptors. Pharmacol. Biochem. Behav. 2012, 102, 458–464. [Google Scholar] [CrossRef] [PubMed]








[image: Diagnostics 09 00014 g001 550]





Figure 1. A schematic illustration of the study design. The circle represents every 20 min for sample collection (20, 40, 60, 80, 100, 120 and 140 min). The time point 20 to 100 min indicates the trauma phase and time point 100-120 min indicates the stabilization phase. Intramuscular microdialysis was performed on the right masseter muscle. The microdialysis probe (Ø 0.5 mm; membrane length 10 mm; molecular cut-off: 6 kDa) was inserted into the muscle and perfused at a rate of 5 μL/min with a Ringer-acetate solution. 
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Figure 2. Interstitial serotonin at different time points for the healthy control group (n = 15) showing no significant alteration over time. The hatched box indicates time point T100–120, often used as a baseline. 
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Figure 3. Interstitial serotonin at the different time points for the TMD group (n = 15) showing a significant decrease at T40–60 followed by a spontaneous increase at T120–140. The hatched box indicates time point T100–120, often used as a baseline. It was not possible to extract data from 4 of the 15 participants regarding the 5-HT levels at T0-20 due to technical difficulties. * indicates p < 0.05 and *** indicates p < 0.001. 
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Figure 4. Interstitial glutamate at different time points for the healthy control group (n = 15) showing no significant alteration over time. The hatched box indicates time point T100–120, often used as a baseline. 
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Figure 5. Interstitial glutamate at different time points for the TMD group (n = 15) showing a significant decrease until T40–60, followed by a stabilization. The hatched box indicates time point T100–120, often used as a baseline. * indicates p < 0.05. 
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Table 1. Mean (SD) interstitial serotonin and glutamate at different time points for the healthy control group (n = 15) and the myofascial temporomandibular disorders (TMD) group (n = 15).






Table 1. Mean (SD) interstitial serotonin and glutamate at different time points for the healthy control group (n = 15) and the myofascial temporomandibular disorders (TMD) group (n = 15).
















	Substances
	Subjects
	T0–20
	T20–40
	T40–60
	T60–80
	T80–100
	T100–120
	T120–140





	Serotonin
	Control
	3.6 (1.7)
	30.0 (59.1)
	5.8 (8.2)
	8.5 (12.8)
	6.0 (7.4)
	5.5 (5.0)
	8.0 (7.8)



	
	TMD
	8.3 (6.1)
	22.7 (36.2)
	4.9 (6.1)
	12.1 (19.4)
	12.1 (23.2)
	3.0 (4.5)
	27.9 (35.4)



	Glutamate
	Control
	5.8 (6.2)
	12.6 (17.5)
	7.8 (8.0)
	18.0 (40.3)
	12.9 (13.7)
	12.7 (13.0)
	5.2 (4.5)



	
	TMD
	12.0 (3.1)
	13.8 (3.6)
	4.6 (1.2)
	5.6 (1.4)
	11.3 (2.9)
	5.6 (1.5)
	7.2 (1.9)
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